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Intact clones containing partial repeats of the genomic omponents of African cassava mosaic virus (ACMV DNAs A and 
B) are infectious when mechanically coinoculated onto Nicotiana benthamiana. Monomeric genomic components may be 
generated either by homologous recombination or, when two copies of the origin of replication (on) are present, by a 
modified rolling circle replication mechanism in which nascent single-stranded DNA is resolved by the introduction of nicks 
at both oris. DNA B partial repeats with duplicated common region sequences containing combinations of wild-type se- 
quences and nonlethal mutations at nucleotides 151 and 155 within the putative stem-loop region have been constructed 
and introduced into plants in the presence of DNA A. Analysis of progeny indicates that monomers are generated by DNA 
strand nicking preferentially between nucleotides 151 and 155, suggesting a nonrandom replicative release mechanism 
involving the ubiquitous TAATA'i-rAC motif (nucleotides 146-154). Viable ACMV DNA A deletion mutants are known to 
revert o wild-type size during systemic infection by generating tandem repeats. The recombination point in one such 
revertant has been mapped between ucleotides 152 and 153. Just as ori-nicking enzymes mediate recombinational events 
during prokaryotic rolling circle DNA replication, the result suggests that a nick has been introduced in the virion-sense 
strand within the nonanucleotide motif (TAATA-I-rSAC) during the initiation of ACMV DNA replication. © 1995 Academic 
Press, Inc. 
Geminiviruses have small circular single-stranded 
DNA genomes that replicate via double-stranded DNA 
intermediates. Analysis of tomato golden mosaic virus 
(TGMV) DNAs by gel electrophoresis identified high mo- 
lecular weight forms, believed to be concatenate struc- 
tures (1). Dimeric single- and double-stranded DNA 
forms of African cassava mosaic virus (ACMV) have been 
observed directly by electron microscopy (2) and a com- 
plex pattern of ACMV high molecular weight DNAs has 
been resolved by two-dimensional gel electrophoresis 
(3). The presence of concatenate DNAs has been attrib- 
uted to inefficient processing of replicative intermediates 
during rolling circle DNA replication. In keeping with this 
proposal, ACMV DNA forms consistent with rolling 
circle replication of virion-sense DNA on a nicked 
double-stranded DNA template have been identified (3). 
Also, geminivirus-encoded replicase-associated proteins 
(reps) have been shown to be distantly related to proteins 
involved in the initiation of rolling circle replication of 
certain prokaryotic plasmids (4). 
Bipartite geminiviruses such as ACMV have a se- 
quence of approximately 200 nucleotides that is con- 
served between the genomic components and located 
primarily within an intergenic region (referred to as the 
common region (5)). In the common region is a nonanu- 
cleotide motif, TAATATTAC, found in all geminiviruses at 
the apex of a potential stem-loop structure. Virus-spe- 
cific binding of TGMV and bean golden mosaic virus reps 
to a region adjacent to, but not including, the stem- 
loop sequence has been demonstrated in vitro (6-8). 
However, deletion of the squash leaf curl virus stem- 
loop sequence prevented rep-directed replication of 
plasmids containing the common region (9), supporting 
the suggestion based on mutagenesis of TGMV that the 
stem-loop is an essential component of the origin of 
replication (ori) (10). The association of cruciform struc- 
tures with prokaryotic oris suggests that local destabili- 
zation of double-stranded DNA is required for the initia- 
tion of rolling circle DNA replication by strand-nicking 
enzymes (11). Hence, it is likely that geminivirus rep, 
possibly as a complex with host-encoded proteins, func- 
tions in a similar manner by introducing a nick within the 
stem-loop sequence adjacent to its binding site, Two 
lines of evidence presented here suggest that this is 
indeed the case and provide compelling evidence for the 
introduction of a nick within the nonanucleotide motif 
during the initiation of ACMV DNA replication. 
Geminivirus DNA can be introduced into plants as in- 
tact recombinant clones containing partially repeated 
copies of the genome. Genomic components are mobi- 
lized from the clones in vivo either by random homolo- 
gous recombination or, if the clone has an intact copy of 
the rep and the repeated sequences include the ori, by 
a nonrandom replicative mechanism (12). During replica- 
tive release of the genomic component, nicks introduced 
at both otis serve to produce monomeric nascent single- 
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stranded DNA that is ligated to produce a circular form 
prior to entering into the conventional rolling circle repli- 
cation pathway. Evidence in support of this mechanism 
was provided by Stenger and co-workers (13) who cloned 
chimeric repeated copies of the beet curly top virus ge- 
home from strains with distinguishable common region 
sequences and introduced the chimeric DNAs into plants 
by agroinoculation. Analysis of common region se- 
quences in the progeny of constructs with two oris local- 
ized a recombinational hot-spot to a 20-bp. region within 
the stem-loop including the nonanucleotide motif. In 
contrast, random recombinational events occurred when 
only a single copy of the ori was present. The data sug- 
gested that the viral DNA had been preferentially mobi- 
lized by strand nicking during a process that is function- 
ally equivalent o rolling circle DNA replication. 
Using a similar approach, the nick site in ACMV has 
been investigated by constructing DNA B partial repeats 
in which duplicated common region sequences contain 
combinations of wild-type sequences and stem-loop 
mutations. AOMVwas held and manipulated under MAFF 
license numbers PHF 1185A/68(21) and PHF 1185B/ 
17(111) under the Plant Pests (Great Britain) Order 1980. 
ACMV stem-loop mutants containing either a T to C 
transition at position 151 within the conserved nonanu- 
cleotide (mutant 0151) or a C to A transversion at position 
155 immediately downstream of this motif (mutant A ls5) 
retain the ability to infect Nicotiana benthamiana (14). 
Although mutations at positions 136 and 162 within the 
stem sequences are also tolerated, mutants 0151 and A 155 
were used because previous experiments had sug- 
gested the occurrence of a recombinational hot-spot be- 
tween these nucleotides (15; discussed in detail below). 
To construct the chimeric DNAs, EcoRV(2550)-Pstl(245) 
fragments encompassing the common region from wild- 
type DNA B clone pJS094 (16) and mutants C 151 and 
A ~s5 were cloned into EcoRV/Pstl-digested Bluescript 
SK+ (Stratagene) to produce 0.2B(wt), 0.2B(0~51), and 
0.2B(A155), respectively. Full-length copies of DNA B from 
pJS094 and mutants C 1~ and A ~5~ were introduced as 
Pstl fragments into each of these clones to produce 
1.2B(wt/A~SS), 1.2B(A15~/wt), 1.2B(wt/0151), 1.2B(O157wt), 
1.2B(O1STA15~), and 1.2B(A1~5/01~l). These clones com- 
prise partial repeats of the DNA B genomic component 
containing two copies of the common region (OR(L) and 
CR(R)), each of which has either a wild-type nucleotide 
or a mutation at positions 151 and 155 (Fig. 1). Intact 
DNA B clones (wild-type clone pCLV2B (17) or chimeras 
described above) were each mechanically coinoculated 
with DNA A clone pCLVl.3A (18) onto five N. benthami- 
ana seedlings (1 #g of each clone/plant). All inoculated 
plants became infected, and the appearance of chlorotic 
lesions on the inoculated leaves and systemic symptoms 
of leaf curl and chlorosis occurred at the same time 
(6 days after inoculation) regardless of the inoculum. 
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FIG. 1. ACMV DNA B progeny in extracts of N. benthamiana infected 
using chimeric partial repeat sequences of DNA B and wild-type DNA 
A. The extent of the repeat sequence is shown below a linear map of 
DNA B. E, EcoRV; P, Pstl. Modifications to the left and right repeats of 
the pommon region sequences (CR(L) and OR(R)) at positions 151 and 
155 are indicated below the map in boldface (virion-sense DNA se- 
quences overlapping the 3' terminus of the nonanucleotide motif TAA- 
TAqq-AC (nucleotides 146-154) are shown). Mutations that are retained 
in the progeny are indicated on the adjacent sequence ladders (note 
that the derived sequences are complementary-sense). The data shown 
are typical of the samples taken from two plants inoculated with each 
clone combination. 
While plants inoculated with 1.2B(wt/A155), 1.2B(A155/wt), 
1.2B(O151/wt), and 1.2B(C157AlSS) developed symptoms of 
wild-type severity, those inoculated with 1.2B(wt/O 151) 
and 1.2B(A155/0151) developed noticeably milder symp- 
toms. 
To analyze the DNA B progeny, total nucleic acids 
were extracted from systemically infected leaves (17). 
Two plants inoculated with each clone combination were 
sampled and care was taken to avoid harvesting inocu- 
lated leaves that may have retained residual inoculum. 
A 281-bp fragment of DNA B encompassing the common 
region was amplified from leaf extracts by PCR using a 
Perkin-Elmer thermocycler (50 #1 (100rig) total nucleic 
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acid, amplified by 10 cycles at 94 ° for 30 sec, 45 ° for 60 
sec, 72 ° for 90 sec, followed by 40 cycles at 94 ° for 30 
sec, 55 ° for 60 sec, 72 ° for 90 sec, and primers corre ~ 
sponding to nucleotides 1-20 (virion-sense) and 264- 
281 (complementary-sense)). Fragments were purified 
using a Wizard PCR Preps DNA purification system (Pro- 
mega) and their sequences derived using a T7 sequenc- 
ing kit (Pharmacia) and a complementary-sense primer 
corresponding to nucleotides 248-269. Direct sequenc- 
ing of the PCR products in this way ensured that the data 
were representative of the virus population within each 
plant. If DNA B is mobilized from the chimeric partial 
repeats by a purely random recombinational process, 
sequences derived from both OR(L) and CR(R) should be 
represented in the progeny. The results shown in Fig. 1 
indicate that this is not the case for most of the inocula. 
For example, the progeny of 1.2B(wt/A15~), 1.2B(C~/wt), 
and 1.2B(C15VA 155) all contain only wild-type nucleotides 
while the progeny of 1.2B(A~55/wt) have retained the A ~5~ 
mutation, consistent with the presence of a recombina- 
tional hot-spot between nucleotides 151 and 155. In con- 
trast, both the mutation and wild-type nucleotide occur 
at position 151 in the progeny of 1.2B(wt/C15~). This could 
be indicative of random recombinational release al- 
though the absence of the mutation in the progeny of 
1.2B(O~/wt) and 1.2B(C15~/A ~5~) argues against this pos- 
sibility. Analysis of the progeny of 1.2B(A~5~/C ~)  revealed 
that the A ls5 mutation had again been retained although, 
as seen for 1.2B(wt/C~5~), both mutant and wild-type nu- 
cleotides are represented at position 151. The results 
suggest that two processes occur simultaneously, 
namely the efficient mobilization of the genomic compo- 
nent by a replicative mechanism superimposed on a low 
background of random homologous recombination. The 
A ~5 mutation has no adverse effect on infectivity (14) and 
consequently the mutant predominates when efficiently 
released from 1.2B(A~S/wt). In contrast, the C ~ mutation 
causes delayed and attenuated symptoms in N. ben- 
thamiana (14), implying that the wild-type virus has a 
slight selective advantage. In the present experiments, 
infection by 1.2B(wt/C 15~) was not noticeably delayed al- 
though symptoms were again mild. Consequently, al- 
though the C 1~1 mutant is efficiently generated from 
1.2B(wt/C 151) by the proposed replicative mechanism, the 
selective advantage of the wild-type virus is sufficient to 
allow its amplification to detectable levels once it has 
been generated by random intramolecular recombina- 
tion. In the case of 1.2B(A~Sa/C~), progeny produced by 
intramolecular ecombination will contain either the C 1~ 
or A ~ mutation. Of these, only the A 1~ mutant (con- 
taining a wild-type nucleotide at position 151) will suc- 
cessfully compete with the CI~/A ~ double mutant pro- 
duced bythe replicative mechanism, offering an explana- 
tion for the presence of a wild-type nucleotide at position 
151 but not at position 155 seen in Fig. 1. It has recently 
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FiG. 2. ACMV DNA B progeny in extracts of N. benthamiana infected 
using chimeric partial repeat sequences of DNA B and DNA A mutant 
A c15~. The analysis of progeny sequences has been outlined in the 
legend to Fig. 1. Progeny derive from individual plants infected using 
1.2B(wt/C ~) (a and b) and 1.2B(A~5~/O ~) (c and d). Progeny from four 
plants infected using 1.2B(wt/C ~s~) were analyzed and three gave the 
profile shown in (a). 
been shown that intermolecular recombination between 
ACMV genomic components occurs frequently during in- 
fection (14). To investigate this possibility, 1.2B(wt/C 151) 
and 1.2B(A15~/C 1~) were coinoculated with DNA A con- 
taining a similar mutation at position 151 (mutant A c1~ 
(14)). Examples in which a proportion of the progeny 
exhibited a wild-type nucleotide at this position were 
observed (Figs. 2b and 2d), implying that reversion had 
indeed been produced by intramolecular rather than in- 
termolecular recombination on these occasions. How- 
ever, the same experiment produced examples of 
1.2B(wt/C 15~) and 1.2B(A155/C 151) progeny containing only 
mutations at positions 151 and 156 (Figs. 2a and 2c). 
These data support the idea that a recombinational hot- 
spot occurs between nucleotides 151 and 155 (-]q-ACC), 
consistent with the replicative release of monomeric 
DNA B by virion-sense strand nicking at this position 
within the nonanucleotide motif (nucleotides 146-154). 
In preyious reports, ACMV DNA A mutants containing 
large deletions across the coat protein gene have been 
shown to retain the ability to infect IV. benthamiana (15, 
18). The genomic component reverts to wild-type size 
during systemic spread of the virus, primarily by a mecha- 
nism involving the duplication of a region of DNA A to 
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produce a head-to-tail tandem repeat sequence. Analysis 
of the progeny of one such mutant, pCLVCPzS11, indi- 
cated that recombination had occurred within the stem- 
loop sequence in the region of the nonanucleotide motif 
(within the tetranucleotide TACC, nucleotides 152-155), 
although the precise location of this event was not possi- 
ble due to the presence of a dinucleotide repeat at each 
end of the duplicated sequence (15). At the time, it was 
argued that one end of the repeat was determined by 
strand nicking during virion-sense DNA replication. This 
was based on reports that ori-nicking enzymes mediated 
recombinational events during rolling circle replication of 
Escherichia coil phage M13 and Staphylococcus aureus 
plasmid p0194 DNAs (19, 20). The data on the replica- 
tional release of ACMV DNA B described above are con- 
sistent with this interpretation. Furthermore, the analysis 
of wheat dwarf virus recombinants produced in vivo rein- 
forced this proposal by demonstrating that nicking oc- 
curred within the pentanucleotide TACCC (21) that over- 
laps the 3' terminus of the nonanucleotide motif and has 
four nucleotides in common with the proposed nick site 
of ACMV (15). 
To locate the exact nick site, the progeny of a second 
ACMV DNA A deletion mutant (pCLVOPA13) (15) have 
been characterized. The construction of tandem repeats 
of the mutant and wild-type DNA B in the binary vector 
pBin19 (clones pBin20Pzi13 and pBin2B, respectively) 
and their introduction into N. benthamiana by agroinocu- 
lation using the Agrobacterium tumefaciens strain 
LBA4404 has been described (18). It was anticipated that 
the generation of a tandem repeat, originating from the 
nonanucleotide motif and approximating to the size of 
the deletion (727 bp), would serve to duplicate the unique 
BamHI site in the deletion mutant (Fig. 3A). Total nucleic 
acids were extracted from infected plants (17) and DNA 
A fragments were amplified by PCR using conditions 
described above and primers corresponding to nucleo- 
tides 2685-2704 (virion-sense) and 2437-2457 (comple- 
mentary-sense). Fragments were purified using a Wizard 
PCR Preps DNA purification system (Promega) and ana- 
lyzed by agarose gel electrophoresis (Fig. 3B). A fragment 
of the anticipated size (2551 bp) was amplified from an 
extract of a plant infected with wild-type virus (lane 1). 
Similar-sized fragments were amplified from extracts of 
plants infected with the deletion mutant (one example is 
shown in lane 3), indicating that the mutant had reverted 
to approximately wild-type size as previously demon- 
strated (18). Digestion of the wild-type DNA with BamHI 
produced fragments of 1972, 385, and 194 bp (lane 2), 
while the mutant DNA produced the expected fragments 
of 1439 and 385 bp and an additional 727-bp fragment 
(lane 4), consistent with the generation of a tandem re- 
peat. The BamHI fragment encompassing the point of 
recombination in the mutant progeny (Fig. 3A) was ex- 
cised from the gel, purified using a Bio-Rad Prep-A-Gene 
A 
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FiG. 3. Analysis of AOMV E)NA A progeny from N. benthamiana in- 
fected with a coat protein deletion mutant. (A) Sequences deleted in 
vitro from wild-type DNA A (wt) to produce the deletion mutant 
pBin2CPA13 (A13) are indicated. Sequences duplicated in vivo that 
serve to restore the deletion mutant o wild-type-size to produce the 
recombinant (rec) are indicated by black arrows. B, BamHI; E, EcoRV. 
The positions of primers used to amplify a DNA A fragment are indi- 
cated by black triangles. (B) Ethidium bromide-stained agarose gel of 
DNA fragments POR-amplified from extracts of plants infected with 
wild-type virus (lanes 1 and 2) and coat protein deletion mutant (lanes 
3 and 4). Samples in lanes 1 and 3 are untreated, those in lanes 2 and 
4 have been digested with BamHf. The sizes of wild-type fragments 
are indicated. M, 1-kb DNA ladder (Gibco BRL). 
kit, and cloned into M13mp18. Sequences were estab- 
lished using either a primer corresponding to nucleotides 
1329-1349 (virion-sense) or M13 universal primer de- 
pending on the orientation of the BamHI fragment within 
the vector. Analysis of progeny from different plants re- 
vealed that the upstream recombination point invariably 
mapped to a similar position to that described previously 
(15) although the downstream recombination point varied 
considerably (Fig. 4B). On two occasions the exact point 
of recombination could not be defined due, yet again, to 
small duplications (sequences b and c) and, hence, it 
could not be ruled out that recombination was occurring 
over a small area rather than at a specific site. However, 
a common feature of the duplications is that they all start 
at nucleotide 153, suggesting that recombination may 
occur immediately upstream of this position. In support 
of this idea, a third example allowed the precise location 
of the recombination point between nucleotides 1457 and 
153 (Figs. 4A and 4B, sequence d). 
Tandem repeats of this nature can be generated sim- 
ply by exision and circularization of wild-type-sized DNA 
from the 5' terminus of concatenate DNA produced by 
inefficient ermination of rolling circle replication (3), al- 
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RG. 4. Sequence analysis across the point of nonhomologous recom- 
bination in the progeny of ACMV DNA A deletion mutants. (A) Location 
of the precise point of recombination i progeny of the deletion mutant 
p0LVCP/',13. Derived sequences (virion-sense; sequence d, below) 
and their position within DNA A are indicated on the sequence ladder. 
(B) Oomparison of the recombinant (middle) and wild-type sequences 
/top and bottom) at the recombination point in the progeny of 
p0LVCPAll (a)(15) and pCLVCPA13 (b-d). The conserved nona- 
though it remains unclear how the size of the DNA is 
defined. Sequences in pCLVCPA11 revertants at the re- 
combination point (15) that show homology to the nona- 
nucleotide motif (six identical nucleotides within the se- 
quence TTCTATGAC; nucleotides 2100-2108, Fig. 4B) 
may participate in this process. Although inspection of 
the analogous regions associated with pCLVCPA13 re- 
vertants revealed no overall sequence conservation or 
potential secondary structures, the presence of cryptic 
motifs at these positions that are functional in the initia- 
tion or termination of replication cannot be ruled out. 
However, because ACMV deletion mutants retain their 
size during replication and revert to wild-type size only 
during cell-to-cell movement (15, 18), the extent of the 
tandem repeat may be defined primarily by sequence- 
independent constraints imposed by a nonreplicative 
process, resulting in the observed variation of the down- 
stream point of recombination (Fig. 4B). 
Data presented here on the characterization of ACMV 
recombinants produced in vivo are consistent with the 
virion-sense DNA strand being nicked within the nonanu- 
cleotide motif between nucleotides 152 and 153 (TAA- 
TATT%C) during the initiation of rolling circle DNA repli- 
cation. In view of its position relative to the nick site, the 
stem-loop sequence may not only cause local destabili- 
zation of the double-stranded DNA during the initiation 
of replication but also provide a self-annealing structure 
to facilitate circularization of the nascent single-stranded 
DNA as suggested for a comparable structure in phage 
fd (22). During rolling circle replication of prokaryotic 
phages and single-stranded DNA plasmids the rep intro- 
duces a strand-specific nick within the ori, and the ex- 
posed 3' terminus acts as a primer for DNA synthesis 
causing displacement of the replicated strand (reviewed 
in 23, 24), Phage ~X174 rep becomes covalently bound 
to the exposed 5' terminus (25) and it has been sug- 
gested that a similar process occurs during plasmid 
pT181 replication (26). This is not always the case, for 
example phage fd rep binds only loosely to the viral DNA 
(27). However, the homology between phage q~X174 and 
plasmid p0194 reps at the putative binding motif as well 
as between their or/nick sites (28) supports the idea of 
covalent binding during rolling circle replication of cer- 
tain plasmids. Similarities noted between the nonanu- 
cleotide motif and the nick site of phage q~X174 (29) 
are probably largely fortuitous because the homology is 
greatly reduced when the nick sites are aligned. This is 
perhaps not surprising in view of the limited homologies. 
that exist between geminivirus and phage ~X174 reps 
(30), contrasting with the significant homologies between 
plasmid p0194 and phage ~X174 rep and ori sequences 
nucleotide motif is shown in boldface and the putative stem sequences 
are underlined. 
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(28) that suggests a highly specific interaction has been 
maintained during the course of evolution. However, it 
may be significant that an A residue occurs at the ex- 
posed 5' terminus of plasmids pT181 and pC194 (19, 26) 
and phages ~bX174 and fd (25, 31) as predicted here for 
ACMV. On the basis of homologies with plasmid reps it 
has been suggested that geminivirus reps bind to the 
nicked DNA, and a conserved tyrosine residue (position 
102 in ACMV rep) has been identified that may participate 
in this process (4). If this is correct, the present results 
predict a linkage between this tyrosine arid the adeno- 
sine at position 153. This may be tested by characterizing 
replicative intermediates produced in viva, although it 
may prove difficult to achieve in view of the diverse viral 
DNA forms and the relatively low levels of nicked circular 
DNA intermediate associated with ACMV-infected plants 
(3). Alternatively, intermediates may be characterized us- 
ing in vitro binding studies similar to those used to inves- 
tigate ~bX174 rep binding (25). 
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